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Abstract 
We demonstrate spatially-resolved measurements of spontaneous and stimulated electron-photon interactions 
in nanoscale optical near fields using electron energy-loss spectroscopy (EELS), cathodoluminescence 
spectroscopy (CL), and photon-induced near-field electron microscopy (PINEM). Specifically, we study resonant 
surface plasmon modes that are tightly confined to the tip apexes of an Au nanostar, enabling a direct correlation 
of EELS, CL, and PINEM on the same physical structure at the nanometer length scale. Complemented by 
numerical electromagnetic boundary-element method calculations, we discuss the spontaneous and stimulated 
electron-photon interaction strength and spatial dependence of our EELS, CL and PINEM distributions. We 
demonstrate that in the limit of an isolated tip mode, spatial variations in the electron-near field coupling are 
fully determined by the modal electric field profile, irrespective of the spontaneous (in EELS and CL) or stimulated 
nature (in PINEM) of the process. Yet we show that coupling to the tip modes crucially depends on the incident 
electron energy with a maximum at a few keV, depending on the proximity of the interaction to the tip apex. Our 
results provide elementary insights into spontaneous and stimulated electron-light-matter interactions at the 
nanoscale that have key implications for research on (quantum) coherent optical phenomena in electron 
microscopy.  
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Nanoscale optical components enable light manipulation at deep-subwavelength length scales with a broad 
variety of applications in quantum information systems, optical signal processing, photovoltaics, molecular 
sensing, chemical-catalysis, and more.1 The small feature sizes rendering the unique optical properties of these 
structures demand novel optical characterization techniques that overcome the diffraction-limited resolution of 
traditional light microscopy. In the recent past, scanning (transmission) electron microscopy (S(T)EM) has been 
established as a powerful platform to probe optical material properties with high spatial, temporal and energy 
resolution.2–4 
Swift electrons with kinetic energies in the 1-300 keV range drive optical materials excitations in a unique way.2 
Similar to an optical pulse, the evanescent electric field of a free electron coherently couples to oscillations of 
the polarizable charges in a material. As the electron passes by, these charges experience a single 
electromagnetic field cycle with a duration of a few hundred attoseconds, corresponding to an excitation energy 
spectrum with significant weights between zero and several tens of eV.5 The electron thus serves as an ultra-
broadband excitation source that can couple to radiative and non-radiative modes in a material over the full 
ultraviolet-visible-infrared (UV-VIS-IR) spectral range. Electron energy-loss spectroscopy (EELS) reveals the 
energy transfer upon excitation of an optical resonance by measuring the energy loss experienced by the 
electron.6,7 Additionally, cathodoluminescence (CL) spectroscopy unveils the material’s emission characteristics 
by detecting radiative charge relaxation in the far field.8 
The spatial and spectral characteristics of the material resonances are directly reflected in the measured EELS 
and CL signals, rendering the electron beam a highly versatile near-field probe. In fact, the spontaneous electron 
energy-loss and photon-emission probabilities are closely linked to the full and radiative electromagnetic local 
density of states (EMLDOS), respectively.9,10 Thus, EELS probes both the dark and bright modes in a material, 
while CL is sensitive to the bright modes only.11 Due to the coherent nature of the electron excitation mechanism, 
the two techniques are ideally suited for correlated structural and optical characterization of plasmonic and 
dielectric nanoparticles,12–17 optical waveguides,18–20 photonic crystal cavities,21,22 and more.3,4,7  
Recently, EELS and CL have been complemented with photon-induced near-field electron microscopy (PINEM).23 
In this technique, swift electrons are used to probe the near field of a nanostructure excited by an intense laser 
field. While passing through this near field, the electrons undergo one or multiple energy-gain and -loss 
transitions by stimulated absorption and emission of photons at the laser frequency 𝜔𝜔L.24–26 As a consequence, 
the initial electron energy spectrum is expanded with sidebands, evenly spaced by the photon energy ℏωL. The 
population of these sidebands varies with the intensity of the laser-induced optical field and the statistics of the 
excitation,27 enabling near-field measurements with extreme spatial, temporal, and energy resolution.28–33 Key 
to the PINEM mechanism is the fact that the evanescent near field provides spatial Fourier components with 
sufficiently large momenta to bridge the momentum mismatch between electrons (i.e., the electron electric 
field) and the driving field in free space. For large incident light intensities, the PINEM interaction can be a highly 
efficient process in which nearly every electron undergoes stimulated energy-gain or -loss transitions,29 even 
leading to hundreds of net photon exchanges.34,35 In contrast, in EELS and CL the probability for the electron to 
spontaneously drive an optical excitation is small, typically in the order of 10-5-10-3 per eV energy bandwidth in 
the visible spectral range.2 
The full exploitation of the rich new physics that the PINEM effect offers is just starting.3,4,27–39 Recent research 
has focused on studying the quantum nature of the electron wave packet during the interaction with an optical 
near field and the subsequent modulation of the electron wave packet, enabling exciting phenomena such as 
the generation of coherent attosecond electron pulse trains31,36,37 or electron vortex beams.38 The relation 
between the stimulated and spontaneous interaction mechanisms governing PINEM, EELS, and CL has been 
addressed theoretically for small dipolar particles.40,41 Yet an experimental comparison of the three techniques 
on a single complex structure has not been reported to date. 
In this article, we present spatially-resolved EELS, CL, and PINEM measurements on a single Au nanostar with 
sharp conical tips.42 As shown in previous works,43–52 these tips sustain distinct plasmonic resonances that give 
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rise to highly confined optical near fields at the tip apexes, providing an ideal geometry to correlate EELS, CL, and 
PINEM measurements at the nanometer length scale. Supported by theoretical considerations and numerical 
electromagnetic boundary-element method (BEM) calculations, we test the hypothesis that in the limit of an 
isolated tip mode spatial variations in the electron-near field coupling are fully determined by the modal electric 
field profile, irrespective of whether the excitations are driven by the electron itself (in EELS and CL) or a laser 
pulse (in PINEM). We discuss the link between the electron-near field coupling strength and the electron energy, 
and show its dependence on the spatial Fourier composition of the optical field. Our data demonstrate the signal 
quality and spatial resolution that is practically achieved by state-of-the art EELS, CL, and PINEM instruments, 
given experimental limitations and uncertainties. We provide detailed insights into the correlation between 
spontaneous and stimulated electron-near field interactions, yielding a starting point for further combined EELS, 
CL, and PINEM experiments to explore new quantum phenomena in electron-light-matter interactions. 
Results and Discussion 
Electron-Near Field Interactions. In this work, spatially-resolved EELS, CL, and PINEM measurements are carried 
out on a single chemically-synthesized Au nanostar composed of an approximately 50-nm-diameter spherical 
core and sharp conical protrusions with tip-radii of curvature < 3 nm.42 The structure is deposited on a thin 
electron-transparent silicon nitride support membrane. Assuming negligible spatial overlap and hence vanishing 
coupling between the tip resonances,51 we can describe the plasmon-mediated electron-near field interaction 
by considering the optical response of a single Au tip attached to a spherical core. We assume a swift electron of 
initial energy 𝐸𝐸0 propagating along the 𝐳𝐳 direction and passing near the tip oriented along the 𝐱𝐱 direction. In this 
configuration, the time-varying evanescent electric field of the electron couples most efficiently to the dominant 
in-plane dipole moment 𝐩𝐩𝑥𝑥  along the symmetry axis of the tip. The 𝑧𝑧 component of the electric field 
𝐸𝐸𝑧𝑧 associated with that 𝐩𝐩𝑥𝑥 dipole acts back on the electron, resulting in an energy loss Δ𝐸𝐸 with a spectral 
probability distribution peaked around the tip resonance energy. Subsequently, the energy transferred to the 
particle is either dissipated as heat or radiated into the far field, giving rise to CL. 
 
Fig. 1 | BEM calculation for swift electron excitation of a conical Au nanotip attached to a spherical Au core (tip length 30 
nm, cone aperture angle 22°, tip apex radius-of-curvature 2.5 nm, core diameter 50 nm). At an incident energy of 20 keV 
the electron passes 3 nm away from the tip along the dashed line perpendicular to the symmetry axis of the tip 
(𝑧𝑧 direction). (a) Frozen-time snapshot at minimum electron-apex distance (t=0) of the 𝑧𝑧 component of the optical electric 
field 𝐸𝐸𝑧𝑧e induced upon excitation of the tip resonance at ℏ𝜔𝜔0 =1.73 eV. (b) Dashed-grey curve: 𝐸𝐸𝑧𝑧e profile along the 
electron trajectory in (a), with 𝑧𝑧 = 0 corresponding to the tip symmetry axis. Solid-blue curve: time evolution of 𝐸𝐸𝑧𝑧e as 
experienced by the electron while propagating through the electron-self-induced plasmon field. (c) Time evolution of the 
optical phase of 𝐸𝐸𝑧𝑧e, oscillating at the plasmon resonance frequency 𝜔𝜔0. 
To illustrate the spontaneous electron energy-loss mechanism, we numerically calculate the electric field induced 
by a 20 keV electron passing near the tip apex of the model geometry depicted in Fig. 1(a). Full-wave retarded 
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boundary element method (BEM)53 calculations are performed using the MNPBEM17 toolbox54,55 with optical 
constants for Au taken from Ref. 56. The color map shows the real part of the induced 𝐸𝐸𝑧𝑧 distribution in the 𝑥𝑥-𝑧𝑧 
symmetry plane of the structure. The electron is incident from the top, travelling along the dashed-grey line as 
indicated by the blue arrow. The map represents a time snapshot of the spectral electric field component induced 
at the tip resonance energy of 1.73 eV for 𝑡𝑡 = 0 (i.e., the moment of maximum approach between the electron 
and the tip). The field distribution is strongly localized near the tip apex, vanishing along the symmetry axis of 
the tip while showing opposite signs above and below (upward field orientation in red; downward field in blue). 
In the no-recoil approximation (Δ𝐸𝐸 ≪ 𝐸𝐸0), the spectral electron energy-loss probability can be calculated from 
the 𝑧𝑧 component of the electron-self-induced electric field 𝐸𝐸𝑧𝑧e according to2 
Γloss(𝐑𝐑,𝜔𝜔) = 𝑒𝑒𝜋𝜋ℏ𝜔𝜔  Re �∫ 𝐸𝐸𝑧𝑧e(𝐑𝐑, 𝑧𝑧)𝑒𝑒−𝑖𝑖𝜔𝜔𝑣𝑣𝑧𝑧d𝑧𝑧∞−∞ �,  (1) 
where 𝐑𝐑 = (𝑥𝑥,𝑦𝑦) and 𝑧𝑧 denote the lateral and along-the-beam electron positions, respectively, 𝑒𝑒 is the electron 
charge, and 𝑣𝑣 is the electron velocity. The exponential term describes temporal oscillations in the phase of 𝐸𝐸𝑧𝑧e as 
the electron passes by the tip. Here, 𝑧𝑧 = 𝑣𝑣𝑡𝑡 is linked to time 𝑡𝑡 via the electron velocity 𝑣𝑣. The solid-blue curve in 
Fig. 1(b) shows the full excursion of the real part of 𝐸𝐸𝑧𝑧e as experienced by the electron during its passage through 
the plasmon field. For reference, the dashed-grey curve shows the field profile for 𝑡𝑡 = 0, and the time evolution 
of its optical phase is plotted in Fig. 1(c). As the electron passes by, the field changes sign multiple times, with 
the number of oscillations increasing with decreasing electron velocity 𝑣𝑣. Classically, this implies that the electron 
experiences subsequent acceleration and deceleration along its trajectory, leading to alternating positive and 
negative contributions to the energy-loss probability. In fact, according to the integral expression in Eq. (1), net 
energy exchange only occurs for the spatial Fourier field component that corresponds to a wave with phase 
velocity equal to 𝑣𝑣. The loss probability is then determined by the real part of the Fourier amplitude of 𝐸𝐸𝑧𝑧e at the 
electron velocity-dependent spatial frequency 𝑞𝑞 = 𝜔𝜔 𝑣𝑣⁄ . 
Eq. (1) describes the backaction of the induced electric field on the electron, however, no information is provided 
on the excitation of the field. To this end, it is constructive to consider the decomposition of 𝐸𝐸𝑧𝑧e into the electric 
field eigenmodes 𝐸𝐸𝑧𝑧𝑖𝑖  of the structure.9–11 As discussed in Refs. 10 and 11, for the highly localized plasmonic tip 
modes, the spectral electron energy-loss (EELS) and photon-emission (CL) probability densities related to the 
excitation of mode 𝑖𝑖 can be written as  
Γloss,𝑖𝑖(𝐑𝐑,𝜔𝜔) = 𝑒𝑒2𝜋𝜋ℏ𝜔𝜔2 Im{𝑓𝑓𝑖𝑖(𝜔𝜔)}�𝐸𝐸𝑧𝑧𝑖𝑖(𝐑𝐑, 𝑞𝑞)�2,  (2) 
Γrad,𝑖𝑖(𝐑𝐑,𝜔𝜔) = 𝑒𝑒2𝜔𝜔4𝜋𝜋2ℏ𝑐𝑐3 𝐴𝐴𝑖𝑖|𝑓𝑓𝑖𝑖(𝜔𝜔)|2�𝐸𝐸𝑧𝑧𝑖𝑖(𝐑𝐑, 𝑞𝑞)�2,  (3)  
where 𝑓𝑓𝑖𝑖(𝜔𝜔) and 𝐴𝐴𝑖𝑖, respectively, represent the spectral line shape and albedo of the mode, and 𝐸𝐸𝑧𝑧𝑖𝑖(𝐑𝐑, 𝑞𝑞) 
denotes the complex Fourier amplitude of 𝐸𝐸𝑧𝑧𝑖𝑖(𝐑𝐑, 𝑧𝑧) at 𝑞𝑞 = 𝜔𝜔/𝑣𝑣. Importantly, these expressions show that spatial 
variations in the electron energy-loss and photon-emission probabilities only depend on the electric field profile 
of the mode, independent of the electric field exerted by the electron itself. Their dependence with field intensity 
reflects that the electron-near field coupling persists both upon excitation of the mode and its backaction on the 
electron. This is consistent with the fact that the probability must be associated with the square of a matrix 
element coupling the electron and field modes, which in turn involves a spatial integral over 𝑒𝑒𝐸𝐸𝑧𝑧𝑖𝑖(𝐑𝐑, 𝑞𝑞). We note 
that for modes with spatial and spectral overlap, far-field interferences can contribute to the total photon 
emission probability Γrad.10 
Next, we discuss the PINEM effect for the same geometry. If the laser polarization has a component oriented 
along the symmetry axis of the tip, it will drive the same 𝐩𝐩𝑥𝑥 dipolar resonance as is excited by the electron in 
EELS and CL. However, for laser peak intensities in the order of hundreds of MW/cm2 as used in this work the 
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induced dipole strength is much larger than that generated by an individual electron. The interaction probability 
is thus strongly enhanced at the laser frequency 𝜔𝜔L. Furthermore, the external driving permits electrons to gain 
energy, facilitating both energy-gain and -loss transitions by stimulated absorption or emission of photons at an 
energy exchange ℏ𝜔𝜔L. As demonstrated in Ref. 29, the energy spectrum of the transmitted electrons then 
evolves into a ladder of coherent energy-gain and -loss states, with the population of the ladder states governed 
by Rabi oscillations in the electron-light energy exchange process.  
The probability for an electron to undergo a net amount of 𝑛𝑛 stimulated energy-gain or -loss transitions is given 
by Bessel functions of the first kind, 𝑛𝑛th order25,29 
 𝑃𝑃𝑛𝑛(𝐑𝐑,𝜔𝜔) = 𝐽𝐽𝑛𝑛2(2|𝛽𝛽(𝐑𝐑,𝜔𝜔)|) δ(ω − ωL),     (4)  
where 
            𝛽𝛽 =  𝑒𝑒
ℏ𝜔𝜔L
𝐸𝐸𝑧𝑧
L(𝐑𝐑, 𝑞𝑞) = 𝑒𝑒
ℏ𝜔𝜔L
∫ 𝑑𝑑𝑧𝑧 𝐸𝐸𝑧𝑧L(𝐑𝐑, 𝑧𝑧) 𝑒𝑒−𝑖𝑖𝑖𝑖𝑧𝑧          (5) 
is the coupling coefficient of the electron to the time-varying laser-induced electric field 2Re�𝐸𝐸𝑧𝑧L(𝐑𝐑, 𝑧𝑧)𝑒𝑒−𝑖𝑖𝜔𝜔L𝑡𝑡� 
(the coupling coefficient 𝛽𝛽 is denoted 𝑔𝑔 elsewhere,29,35 accompanied by a leading factor of 1/2 and a different 
normalization of the time-varying field as Re�𝐸𝐸𝑧𝑧L(𝐑𝐑, 𝑧𝑧)𝑒𝑒−𝑖𝑖𝜔𝜔L𝑡𝑡�, without the leading factor of 2). As above for EELS 
and CL, coupling is only possible for a spatial Fourier field component at 𝑞𝑞 =  𝜔𝜔L/𝑣𝑣. Decomposing 𝐸𝐸𝑧𝑧L into the 
electric field eigenmodes of the material, we can approximate the coupling strength of the electron to mode 𝑖𝑖 
by an expression of the form 
 |𝛽𝛽𝑖𝑖(𝐑𝐑,𝜔𝜔)| = 𝑒𝑒ℏ𝜔𝜔 �𝜂𝜂𝑖𝑖𝐼𝐼�𝐴𝐴𝑖𝑖|𝑓𝑓𝑖𝑖(𝜔𝜔)|�E𝑧𝑧𝑖𝑖 (𝐑𝐑, 𝑞𝑞)�,  (6) 
where 𝜂𝜂𝑖𝑖 reflects the coupling efficiency of the driving field to the modal dipole moment 𝐩𝐩𝑖𝑖 for a given angle of 
incidence and polarization, and 𝐼𝐼 is the field intensity. As can be seen, the squared coupling strength |𝛽𝛽𝑖𝑖|2 has 
the same spatial dependence as the spontaneous electron energy-loss and photon emission probability densities 
Γrad,𝑖𝑖 and Γloss,i. This implies that for a given mode and at a fixed electron beam energy, EELS, CL, and PINEM 
yield equivalent spatial distributions. Furthermore, |𝛽𝛽𝑖𝑖|2 has the same dependence on 𝑓𝑓𝑖𝑖(𝜔𝜔) and 𝐴𝐴𝑖𝑖 as Γrad,𝑖𝑖, 
showing that both PINEM and CL are linked to the radiative modes and thus the far field emission characteristics 
of a material. Incidentally, it has been rigorously shown27 that the coupling coefficient associated with a mode 𝑖𝑖 
depends on its population 𝑛𝑛𝑖𝑖 as |𝛽𝛽𝑖𝑖(𝐑𝐑,𝜔𝜔)| ∝ �𝑛𝑛𝑖𝑖, which further corroborates the dependence shown in Eq. (6) 
on efficiency and intensity because 𝑛𝑛𝑖𝑖 ∝ 𝜂𝜂𝑖𝑖𝐼𝐼. 
EELS and CL Experiments. Spatially-resolved EELS and CL measurements are performed in STEM and SEM 
instruments operated at electron beam energies of 200 keV and 20 keV, respectively. The electron beam is raster-
scanned over a two-dimensional grid of pixels with dimensions of (2×2) nm2. Figure 2(a) shows EELS spectra 
acquired at four different tip apexes and the center of the nanostar core. At the tips, plasmonic resonances give 
rise to pronounced maxima at 1.48 eV, 1.80 eV, 1.84 eV, and 1.94 eV, with a full-width-at-half-maximum (FWHM) 
in the order of 400 meV. The core shows a broad, comparably flat spectrum, with another low-energy maximum 
near 1.0 eV. Figure 2(c) shows CL spectra acquired at approximately the same five positions. Again, the tip spectra 
indicate distinct plasmonic resonances, with maxima peaking at energies of 1.76 eV, 1.80 eV, 1.97 eV, and 2.04 
eV, and an FWHM around 200 meV. In the core spectrum, we observe peaks of similar width, yet smaller 
amplitude, at 1.8 eV, 2.0 eV, and 2.3 eV. 
As is evident from Fig. 2(a,b), there is significant spectral overlap between the features associated with the 
different tips and nanostar core. The high spectral resolution in CL permits to observe shoulders on the low- or 
high-energy side of the peaks, indicating that an electron exciting a single tip also drives the resonance of another 
tip. For example, the blue spectrum peaking at 1.73 eV shows a shoulder around 2.0 eV, in agreement with the 
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positions of the peaks in the orange and purple spectra. Another shoulder shows up around 2.4 eV, matching 
well with the high-energy maximum in the core spectrum. 
In good correspondence with the results of earlier experiments on Au nanostars,48,50,51 we attribute the high-
energy peak near 2.4 eV to the plasmon resonance of the nanostar core. In fact, this value agrees well with the 
calculated dipolar Mie resonance for a 50-nm-diameter Au sphere in vacuum. The side peaks in the core 
spectrum at 1.8 eV and 2.0 eV indicate coupling between the core and the tip modes as suggested in Ref. 45. We 
note that in EELS, we did not retrieve a sufficiently distinct plasmon signal near 2.4 eV to unambiguously identify 
the core resonance. We attribute this to multiple inelastic scattering upon electron transmission through the 
nanostar core and the thicker sections of the nanostar tips. 
 
Fig. 2 | (a) 200 keV STEM-EELS and (b) 20 keV SEM-CL spectra taken at four different tips and at the core of the same 
chemically-synthesized Au nanostar. Electron beam positions are indicated by the color-matched dots in the insets, 
showing a STEM bright-field image and an SEM image of the nanostar, respectively. All spectra represent an average over 
5×5 neighboring pixels. Energy-filtered (c) EELS and (e) CL probability distributions obtained for a bandwidth of ±25 meV 
around the plasmon resonance energies indicated on the top. Fitted (d) EELS and (f) CL probability distributions, revealing 
the extracted contribution of the tip plasmon resonances to the raw energy-filtered maps in (c) and (e). The boundaries 
of the original acquired data sets are indicated by the thin dashed lines in (b,e,f). The solid lines superimposed on the EELS 
and CL maps and the SEM image illustrate the approximate contour of the nanostar as inferred from the contrast in the 
STEM bright-field image in (a). 
To gain more quantitative information and isolate the local contribution of individual plasmon resonances, we 
fit the EELS and CL data with a model assuming the nanostar response to be dominated by the resonances of the 
four tips marked by the colored dots in Fig. 2(a,b). In CL, we also take into account the core resonance. As 
mentioned above, In this approach, we neglect interference effects in the far field, assuming that there is 
vanishing spatial overlap between the modal fields.10 In the past, a similar procedure has been applied to 
nanostars,48 nanotriangles,11 and branched nanostructures.57 For EELS, resonances are represented by a sum of 
Gaussians, reflecting the approximate shape of the ZLP. A background associated with (multiple) inelastic 
scattering is modelled by a Gaussian error function, rising from zero to a constant amplitude at energies > 2.4 
eV. Furthermore, we add a Gaussian centered between 2.3 eV and 2.9 eV to account for weak plasmonic 
contributions from the core and/or other tips. Another Gaussian describes the low energy feature observed in 
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the core spectrum, with its position bound to energies below 1.3 eV. For CL, we describe the plasmon resonances 
by a sum of pseudo-Voigt distributions, capturing both their natural Lorentzian line shape as well as 
inhomogeneous broadening (i.e., due to electron-beam-induced carbon contamination). A constant background 
accounts for the emission of transition radiation or weak incoherent luminescence upon direct electron impact 
onto the nanostar. Further details on the spectral fitting procedure are provided in the methods section. 
An overview on the obtained resonance energies and linewidths is given in Tab. I. The linewidths retrieved from 
the CL analysis range between 0.16 eV and 0.27 eV, corresponding to an average quality factor 𝑄𝑄 ≈ 9. Larger 
linewidths are found from the EELS data, ranging between 0.33 eV and 0.44 eV. We attribute this difference to 
the lower energy resolution in EELS, which is mainly limited by the intrinsic energy spread in the electron beam. 
Yet, we note that the data were deconvolved with the ZLP measured upon electron transmission through the 
silicon nitride support membrane, enabling a substantial improvement in energy resolution (see methods).58 
Tab. I | Fitted plasmon resonance energies (E0) and FWHM linewidths (γ) 
derived from EELS and CL data (see Fig. 2(a,b)). 
 EELS (200 keV) CL (20 keV) 
E0 (eV) γ (eV) E0 (eV) γ (eV) 
Tip I (red) 1.44 0.40 1.82 0.16 
Tip II (blue) 1.68 0.36 1.72 0.27 
Tip III (orange) 1.85 0.33 1.95 0.22 
Tip IV (purple) 1.98 0.44 2.06 0.24 
Core (green) -- -- 2.35 0.25 
 
Comparing the resonance energies for each tip, we find a consistent blue shift between the values retrieved from 
CL and those retrieved from EELS. For tips II-IV minor blue shifts range between 3-6%, while for tip I we find a 
considerable deviation of 27%. Earlier work on silver nanotriangles has demonstrated spectral shifts between CL 
and EELS maxima associated with dissipation in the metal itself and the support substrate.11,59 In Ref. 11 two 
opposite regimes were identified with increasing CL/EELS blue and red shifts below and above resonance 
energies of 1.6 eV and 1.8 eV, respectively. However, we note that in our experimental procedure, the CL 
measurements were taken last, after EELS and PINEM experiments and that consecutive CL measurements have 
shown the tip resonances to shift to the blue with every iteration. Thus, a plausible explanation for the CL/EELS 
blue shift is electron beam-induced carbon contamination60 which alters the dielectric environment of the tips 
in the presence of the silicon nitride support film.  Furthermore, tip I might have slightly deformed under 
prolonged near-resonant laser-beam excitation during PINEM acquisition. In fact, the tip resonances are highly 
sensitive to the exact tip morphology, with decreasing sharpness and aspect ratio resulting in blue shifts of tens 
to hundreds of meV.42 
Using the results of the modal decomposition, we can now plot the field distributions associated with each 
resonance.  Figure 2(c,d) shows energy-filtered EELS and CL maps integrated over a bandwidth of ±25 meV 
around the resonances of tips I and II, as determined from EELS and CL, respectively, as well as the core resonance 
(see labels on the top right). In the latter case, the core region is bright in CL while in EELS it remains mostly dark, 
showing that multiple inelastic scattering limits EELS to the thin regions of the sample. As expected, for the tip 
resonances we observe distinct hotspots near the tip apexes. However, in some cases more than one tip lights 
up, which is a consequence of spectral overlap between the modes.  
To resolve the spectral ambiguity in the raw energy-filtered maps, we plot the local resonance amplitudes 
retrieved from the fitting procedure described above in Fig. 2(d,f). For reference, the EELS map at 2.35 eV shows 
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the fitted background contribution. Upon first inspection, there is good agreement in the localization of the tip 
modes found by EELS and CL. Notably, this observation also applies to tip I with the largest deviation in the 
measured resonance energies. Supported by the results of electromagnetic BEM calculations, we will 
systematically compare the measured EELS and CL distributions together with our PINEM data later on. 
PINEM Experiments. Spatially-resolved PINEM measurements are performed in the same STEM instrument as 
used for EELS, operated in ultrafast photoemission configuration at an electron energy of 200 keV. Sub-
picosecond electron pulses are temporally synchronized with 3.4-ps optical pump pulses of 1.55 eV central 
photon energy that are incident near-normal to the sample plane. As in EELS and CL, the electron beam is raster-
scanned over a two-dimensional grid of pixels with dimensions of (2×2) nm2. The inset in Fig. 3(a) shows a STEM 
high-angle-annular-dark-field (HAADF) image of the nanostar prior to PINEM acquisition, with the white arrow 
indicating the laser polarization. We note that simultaneous structural imaging is strongly limited due to the low 
electron beam current in photoemission operation of our STEM instrument. The main panel in Fig. 3(a) shows 
PINEM spectra taken near the apex of tip II with an approximate resonance energy of 1.7 eV (as determined by 
EELS and CL), at distances of about 5 nm (blue) and 20 nm (orange) from the tip, respectively. At 20 nm distance, 
we observe a pronounced ZLP, with the first-order emission and absorption peaks (±ℏ𝜔𝜔𝐿𝐿) clearly visible on both 
the energy-gain and -loss sides. In contrast, at 5 nm distance, the ZLP is fully depleted and the first-, second-, and 
third-order sidebands (±𝑛𝑛ℏ𝜔𝜔𝐿𝐿 for 𝑛𝑛 = 1,2, and 3) are observed. As discussed above, this trend indicates 
increasing electron-near field coupling with decreasing separation from the tip apex. Each sideband and the ZLP 
have a linewidth of about 0.9 eV as primarily determined by the energy spread of the electron pulses. We find a 
larger spread than in EELS due to excess energy in the photoemission process (source excitation photon energy 
3.1 eV) and space charge-related broadening of the electron energy distribution close to the tip emitter.61,62 Yet, 
we note that a fundamental limit to the spectral resolution in PINEM is only imposed by the bandwidth of the 
employed laser system.32 
 
Fig. 3 | (a) 200 keV STEM-PINEM spectra of an Au nanostar corresponding to regions of strong (blue curve) and weak 
(orange curve) electron-near field coupling. The electron beam positions are indicated by the color-matched dots in the 
inset, showing a HAADF image of the nanostar. The white double arrow represents the approximate in-plane polarization 
of the driving field. (b) Maps of the electron-near field coupling strength derived from the energy spectra of the 
transmitted electrons for two orthogonal laser polarizations, as indicated by the white double arrows. The solid lines 
illustrate the approximate contour of the nanostar as inferred from the HAADF image in (a). Intensities in the right-hand 
panel have been scaled by a factor of 3.  
Next, we map the laser-induced optical field by deriving the electron-near field coupling constant |𝛽𝛽| from the 
PINEM spectrum recorded at every electron beam position. To this end, we approximate the electron spectral 
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distribution by a comb of 2𝑁𝑁 + 1 pseudo-Voigt profiles that are spaced by the photon energy ℏ𝜔𝜔𝐿𝐿, each of which 
resembling the approximate line shape of the ZLP. The integral of the 𝑛𝑛th profile is then determined by the 
occupation probability 𝑃𝑃𝑛𝑛 of the 𝑛𝑛th energy-gain and -loss sideband which again follows from the local coupling 
constant |𝛽𝛽| as shown by Eq. (4) (see methods for further details).  
The left panel in Fig. 3(b) shows the spatial distribution of the squared electron-near field coupling strength |𝛽𝛽|2 derived for the same laser polarization as in Fig. 3(a). Clearly, the strongest coupling is observed near the 
apexes of tips I and II which are both roughly aligned with the laser polarization. Taking the EELS measurements 
as a reference, this agrees well with the corresponding resonance energies which are closest to the central pump 
photon energy of 1.55 eV. Indeed, tip III, with its resonance further to the blue, shows almost no response despite 
a similar symmetry axis as tip II. To verify the correlation with the laser polarization, the right panel of Fig. 3(b) 
shows a |𝛽𝛽|2 map for the orthogonal polarization. Clearly, the coupling strength around tips I and II is now 
strongly reduced (note that the data are scaled by a factor three), and tip IV that is better aligned with the 
polarization lights up. Yet, the effect is comparably low, consistent with the tip resonance energy being furthest 
from the central pump photon energy. We note that similar to the polarization, the direction of incidence of the 
pump field influences the excitation efficiency of a given tip mode. This might contribute to differences in the 
maximum electron-near field coupling strength observed between tip I and tip II. Three-dimensional 
tomographic imaging could be used to study this further. Finally, we note that other than EELS, PINEM allows 
mapping fields when the electrons penetrate through the thicker regions of the nanostar. This is because for the 
given pump field intensity the electron-near field interaction probability is multiple orders of magnitude larger 
in PINEM and therefore a larger fraction of electrons undergoes well-defined coherent energy transitions. 
Simulation Results. To gain quantitative intuition on the EELS, CL, and PINEM response of a nanotip, we perform 
full-wave retarded BEM calculations for the model geometry introduced in Fig. 1. To simplify the modelling, the 
effect of a substrate is neglected here50. For practical reasons given in Ref. 55, EELS and CL probabilities are 
calculated using a finite electron beam width of 0.1 nm. For PINEM, the driving field is modelled by a 
monochromatic plane wave incident from the top and polarized along the symmetry axis of the tip, assuming 
resonant tip mode excitation at a photon energy of 1.73 eV. We will use our calculations to compare them with 
experimental data for tip II. The latter has shown a very similar spectral response in EELS and CL, the central 
pump photon energy in PINEM lies well within the approximate resonance bandwidth of 270 meV, and the tip 
symmetry axis is roughly oriented in-plane and aligned with the vertical laser polarization chosen in the 
experiments. 
Figure 4 shows 200 keV EELS (a) and 20 keV CL (b) spectra calculated for an electron passing through the center 
of the spherical core (green curves) and 3 nm away from the tip apex (blue curves), respectively. As expected, 
for the electron passing near the tip, the tip resonance is clearly observed as a sharp maximum at 1.73 eV with a 
spectral line width of about 100 meV (FWHM). In the core spectra, the core resonance appears as a broader 
maximum near 2.4 eV with the small peak at 1.73 eV reflecting coupling to the tip resonance, in good agreement 
with the experiments. The insets show the two-dimensional EELS and CL distributions around 1.73 eV (bandwidth ±25 meV). As in the experiments, the maps reveal strong modal field confinement near the tip apex. Comparing 
the measured and calculated EELS and CL probabilities, we consistently find the EELS probability to be an order 
of magnitude larger than the CL probability (cf. Fig. 2 (a,b) and Fig. 4 (a,b)). This reflects strong non-radiative 
losses in the Au plasmonic nanostar at optical frequencies.11 However, in absolute terms we find the measured 
EELS and CL probability maxima to be yet an order of magnitude lower than in the calculations. A plausible reason 
for this deviation is the about two- and four-times larger resonance linewidth found for the tips in EELS and CL, 
respectively. Among others, this can be explained by a higher damping rate in the metal than predicted by the 
simulations using optical constants for an extended Au thin film.56 Spectral broadening also occurs in the 
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measurements due to substrate effects,50,63 electron-beam induced carbon contamination, and nonlocal effects 
that could be relevant at the extreme length scale of the tip apexes.64 As discussed above, in EELS another crucial 
factor is the finite energy spread in the electron beam that widens the acquired spectra. For CL, we note that 
light is only collected in the upward hemisphere using a parabolic mirror with limited collection solid angle. In 
fact, depending on the precise tip orientation, a significant fraction of the radiation will be emitted towards the 
substrate and will not be detected.50 A final factor is the electron beam spot size on the sample which can locally 
influence the signal strength due to spatial averaging in the strongly inhomogeneous plasmonic near fields. 
 
Fig. 4 | BEM calculations of (a) 200 keV EELS and (b) 20 keV CL spectra for electrons passing through the center of the 
spherical core (green) and 3 nm away from the tip apex (blue). The insets show EELS and CL probability distributions 
obtained for a spectral bandwidth of ±50 meV around the tip resonance at 1.73 eV. (c) Calculated 200 keV PINEM spectra 
for electrons passing 3 nm (blue) and 20 nm (orange) away from the tip apex (light plane wave incident along 𝒛𝒛 and 
polarized along 𝒙𝒙, ℏ𝜔𝜔𝐿𝐿=1.73 eV photon energy, and 20 MW/cm2 light intensity). The left inset shows a time snapshot of 
the 𝐸𝐸𝑧𝑧 component of the induced near field distribution in the 𝑥𝑥-𝑧𝑧 plane; the right inset shows a 𝑥𝑥-𝑦𝑦 map of the calculated 
electron-photon coupling strength |𝛽𝛽|2. 
In Fig. 4(c) we show 200 keV PINEM spectra calculated for the electron passing by the tip apex at distances of 3 
nm (blue curve) and 20 nm (orange curve), respectively. The spectra are represented assuming an equivalent 
electron beam energy spread as in the experiments (0.9 eV FWHM). For the larger distance, a pronounced ZLP 
and only the first order sidebands (±ℏ𝜔𝜔𝐿𝐿) are observed, while closer to the tip, the ZLP is fully depleted and the 
first, second, and third order sidebands (±𝑛𝑛ℏ𝜔𝜔𝐿𝐿 for 𝑛𝑛 = 1,2,3) can be seen. In the calculations, a light intensity 
of 20 MW/cm2 is chosen to best match the electron energy modulation observed in the measurements. This 
value is about 20 times lower than the experimental pump field intensity of 0.4 GW/cm2 which we assign to slight 
off-resonant tip excitation, reduced coupling efficiency in the presence of a substrate, imperfect laser alignment 
relative to the tip symmetry axis (polarization/direction of incidence), deviations in tip morphology as well as 
larger Ohmic damping than predicted by the calculations (see above). Incidentally, for off-resonant tip excitation 
at 1.55 eV, a comparable energy modulation is obtained assuming an incident field intensity of 0.25 GW/cm2. 
We stress that the calculated PINEM spectra match well with the measured ones for both electron-tip 
separations, indicating similar spatial variations in the near-field intensity. According to Eq. (6), these intensity 
variations are independent of the driving field intensity and fully determined by the modal field profile, thus 
enabling a reasonable comparison between numerical and experimental results. For reference, the inset on the 
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left shows the calculated 𝐸𝐸𝑧𝑧 component of the plane wave-induced near field in the 𝑥𝑥-𝑧𝑧 symmetry plane of the 
tip; the inset on the right shows the 𝑥𝑥-𝑦𝑦 distribution of the squared electron-photon interaction strength |𝛽𝛽|2. 
The latter shows good correspondence with the experimental data in Fig. 3(b), indicating strong field 
confinement near the tip apex as in EELS and CL.  
Spatial Dependence. In EELS and CL, the electrons undergo spontaneous interactions with a number of radiative 
dipolar tip modes, irrespective of the tip orientation and resonance energy. In contrast, in PINEM the stimulated 
electron-near field interaction depends on the coupling of these modes to the driving field and thus on its 
polarization and photon energy. Yet, Eqs. (2,3, and 6) suggest that for an isolated tip mode we can directly 
compare the spatial distributions retrieved from EELS, CL, and PINEM, and thus quantitatively compare the 
spatial variations in the spontaneous and stimulated electron-near field interactions at the nanometer length 
scale. 
Figure 5 shows intensity profiles along the symmetry axis of tip II (a-c) and the model nanotip (d). The 
experimental profiles were obtained by linearly interpolating and averaging the data within the dashed boxes 
shown in the insets. The EELS and CL data correspond to the fitted loss and emission probability distributions 
derived from the measurements presented in Fig. 2 at 1.68 eV and 1.72 eV, respectively. For the PINEM profile, 
data were derived from an additional measurement as in 3(b, left) with increased scanning resolution of (1×1) 
nm2/pixel. For the model nanotip, we show calculated intensity profiles assuming equivalent conditions as 
described above. Here, we neglect a near-field contribution from the core resonance due to vanishing spectral 
overlap with the tip mode. 
Following a procedure similar to Ref. 65, we fit the experimental profiles with a model assuming an evanescent 
exponential decay away from the tip apex with characteristic 1/e decay length δ. The signal along the tip is 
described by a half-Gaussian distribution peaking at the tip apex, while the finite width of the electron probe is 
introduced by convolution with a Gaussian resolution function of standard deviation σ. The fitted curves (dashed 
lines) and deconvoluted model functions (dotted lines) are plotted in Fig. 4 (a-c). We obtain beam widths of 
𝜎𝜎CL = (5.3 ± 0.2) nm for the CL, 𝜎𝜎EELS = (1.6 ± 0.5) nm for the EELS, and 𝜎𝜎PINEM = (2.2 ± 0.3) nm for the PINEM 
measurements, reflecting the difference in spatial resolution between the employed SEM and STEM instruments. 
Notably, the beam widths found for EELS and PINEM agree well with the selected STEM probe beam size of 1.5 
nm (see methods); for CL a similar value was earlier determined in Ref. 65. The characteristic decay lengths are 
found to be 𝛿𝛿EELS = (8.7 ± 0.3) nm, 𝛿𝛿CL = (10.5 ± 0.2) nm, and 𝛿𝛿PINEM = (15.2 ± 0.2) nm, showing extreme 
deep-subwavelength modal field confinement in all cases.  
For the calculated profiles we obtain 1/e decay lengths of 8.1 nm for 200 keV EELS and PINEM, and 5.5 nm for 
20 keV CL (with respect to the signal amplitude at the tip apex). As expected from Eqs. (2,3, and 6), the 
calculations yield equivalent decay lengths for the EELS and PINEM profiles, confirming that the spontaneous 
and stimulated electron-near field interaction processes are purely determined by the spatial field profile of the 
tip mode, irrespective of the excitation source. The calculated CL profile shows a more rapid decay due a lower 
electron energy as will be discussed in more detail below. Interestingly, the calculated profiles consistently show 
that the spontaneous and stimulated electron-near field interaction is strongest for the electrons passing 
through the tip, about 3 nm nanometers inward from the tip apex. This is in good agreement with the electric 
field maxima observed in the electron- and laser-induced Ez distributions plotted in Fig. 1(a) and the left-hand 
inset in Fig. 4(c). The experimental intensity profiles show a very similar functional shape, indicating maximum 
coupling on the tip.  
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Fig. 5 | Line profiles of the probability distributions acquired along tip II using (a) 200 keV EELS (1.68 eV), (b) 20 keV CL 
(1.72 eV), and 200 keV PINEM (ℏ𝜔𝜔𝐿𝐿 = 1.55 eV photon energy, 0.4 GW/cm2 laser intensity). We also plot model fits assuming 
Gaussian broadening of the data due to the finite width of the electron beam (dashed curves) and deconvoluted model 
functions (dotted curves). An impact parameter of 𝑑𝑑 = 0 corresponds to the approximate position of the tip apex as derived 
from the fitting procedure. (d) BEM calculations of the 200 keV EELS (green, hidden behind the PINEM curve), 20 keV CL 
(blue) and 200 keV PINEM (orange curve) profiles along the tip symmetry axis of the model geometry. The profiles are 
normalized to their respective amplitudes at the tip apex. As in the experiments, EELS and CL probabilities are calculated 
over a spectral bandwidth of ±25 meV around the tip resonance at 1.73 eV; the PINEM interaction is calculated for laser 
polarization along the tip at an excitation energy of ℏ𝜔𝜔𝐿𝐿 = 1.73 eV. 
Comparing the experimental and calculated decay lengths, we find excellent agreement for EELS, while for CL 
and PINEM the experimental values show an upwards deviation of almost 50%. At the scale of a few nanometers, 
we assume a calibration error on the order of 10-20%. Also, we note that the model nanotip only approximates 
the actual shape of tip II and thus might show a slightly different near-field extent. For the employed SEM-CL 
instrument, an accuracy limit of 3 nm was found in previous work,65 as mostly determined by the large electron 
probe width. Furthermore, a small uncertainty of 1-2 nm is introduced by the choice of the model to describe 
the near-field profiles which had to maintain a reasonably small parameter space. The large discrepancy between 
experimental EELS and PINEM profiles is assigned to sample drift caused by mechanical instabilities or nanoscale 
heat expansion under laser beam exposure, a prominent effect arising from the relatively long acquisition times 
that are required to resolve PINEM spectra. This is linked to the low effective beam current which is limited by 
space-charge related broadening of the electron pulses,61 also inhibiting drift correction by simultaneous 
structural imaging. Notably, a line profile through the measured PINEM distribution in Fig. 3(b), taken at larger 
pixel size and hence shorter acquisition time, yields a decay length of ∼10 nm, close to the values found by EELS 
and in the calculations. A contribution from the core resonance is expected to be negligibly small as it is spectrally 
far from the pump field. Overall, we can conclude that in the present case the measurement accuracy of CL and 
PINEM is practically limited to a few nanometers, however, we stress that this constitutes no fundamental limit 
and that technical improvements may push the attainable resolution below 1 nm. Importantly, we note that 
other than EELS, PINEM offers a large SNR even for thicker samples due the high interaction rate while CL requires 
no electron transparency at all. Moreover, the higher spectral resolution in CL as compared to EELS allows to 
disentangle the local contribution of modes with spectral overlap much more clearly, in particular in case of tips 
II and III. We emphasize that similar spectrally-resolved measurements are also possible in PINEM using a tunable 
pump source.32 
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Dependence on Electron Energy. Finally, we analyze the dependence of EELS, CL, and PINEM measurements on 
the electron energy. As seen above, all three techniques probe the electric field component Ez of the plasmon 
mode along the electron trajectory. According to Eqs. (3-5), the strength of the measured effect is the result of 
the field integral along the electron trajectory (i.e., it depends on the Fourier amplitude of the Ez component of 
the mode at the spatial frequency 𝑞𝑞 = 𝜔𝜔 𝑣𝑣⁄ ). Hence, electrons of different energy (velocity) probe different 
Fourier components. To demonstrate how this affects the electron-near field interaction, we calculate the spatial 
Fourier composition of the laser-induced Ez distribution plotted in the left inset in Fig. 5(c). Figure 1 shows the 
Fourier amplitude as a function of along-the-beam wave vector 𝑞𝑞 and distance 𝑑𝑑 away from the tip. Data are 
expressed in terms of the squared electron-photon interaction strength |𝛽𝛽|2. The corresponding beam energies 
(for which the electron velocity is given by 𝑞𝑞 = 𝜔𝜔 𝑣𝑣⁄ ) are shown on top.  
Several trends can be observed in Fig. 6. First, for a given momentum exchange ℏ𝑞𝑞, or equivalently, electron 
energy, the near-field coupling strength rapidly falls off with impact parameter, due to decreasing field intensity. 
Second, with decreasing distance to the tip, the largest coupling strength is observed at increasing spatial 
frequencies. This is because the field confinement monotonically increases towards the tip apex. As an example, 
the inset shows the coupling strength |𝛽𝛽|2 as a function of wave vector at a distance of 3 nm away from the tip 
apex. The maximum coupling strength |𝛽𝛽|2 is observed for the Fourier component with spatial frequency of q = 
0.08 nm-1, which is best matched by an electron with an energy of 3.5 keV. For increasing distance from the tip, 
the larger spatial frequency components quickly die out, and the coupling strength peaks for higher electron 
energy. 
 
Fig. 6 | BEM calculation of the electron-near field coupling strength |𝛽𝛽|2 as a function of along-the-beam wave vector 𝑞𝑞 =
𝜔𝜔 𝑣𝑣⁄  and impact parameter 𝑑𝑑 relative to the tip apex, obtained with fixed ℏ𝜔𝜔=1.73 eV tuned to the plasmon energy and 
varying electron energy (energy 𝐸𝐸0, top axis). Other excitation parameters are identical as in Fig. 4d and Fig. 5c. The inset 
shows a profile along the white dashed line for 𝑑𝑑 = 3 nm. For fixed 𝐸𝐸0, the electron-near field interaction contains a single 
spatial frequency component, given by the electron-near field momentum exchange 𝑞𝑞.  
Overall, we conclude that electrons with kinetic energies of a few keV couple more strongly to the highly confined 
optical fields at the tip apexes than electrons at typical STEM energies of 80-300 keV. However, these electrons 
interact more efficiently with more extended areas of the mode at larger distance, or less confined optical fields 
in dielectric structures. Importantly, Eqs. (2,3 and 6) show that this trend is independent of the spontaneous or 
stimulated nature of the electron-near field interaction (i.e., it equally applies to the signal strength in EELS, CL, 
and PINEM). We emphasize that our analysis directly demonstrates how EELS, CL and PINEM are linked to the 
intrinsic electric field profile of a particular material resonance. Using a more generic approach, the spontaneous 
electron-near field interaction was recently considered as a scattering problem, i.e. the scattering of the 
evanescent electron field on a generic dielectric scatterer.66 Supported by experimental data on a periodic grating 
structure, it was shown that for sufficiently small electron beam-sample separations the strongest scattering 
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occurs for slow (non-relativistic) electrons as they generate overall larger near-field amplitudes than faster 
(relativistic) electrons. Here, we explicitly show that depending on the characteristic dimensions of a nano-
particle, the electron-near field coupling peaks for a specific electron energy ranging down to a few keV as can 
be routinely reached in SEM. Yet, we note that as in case of the SEM-CL instrument employed in this work the 
low-energy observation of structures as small as the Au nanostars required a trade-off between CL signal strength 
and spatial resolution due to limitations of the electron optics at low electron energies. Finally, we point out that 
in general the full reconstruction of the out-of-plane near field component 𝐸𝐸𝑧𝑧 in the spatial domain requires 
combining multiple EELS, CL, and/or PINEM measurements at different electron energies, such that a range of 
spatial Fourier components can be probed. 
Conclusion 
In conclusion, we have demonstrated spatially-resolved EELS, CL and PINEM measurements of highly localized 
optical near fields at the sharp tip apexes of an Au nanostar, enabling a direct comparison of stimulated and 
spontaneous electron-photon interactions at the nanometer length scale. Our experimental EELS, CL, and PINEM 
data show good qualitative and quantitative agreement with the results of numerical electromagnetic BEM 
calculations for a simplified model geometry, taking into account experimental inaccuracies and modelling 
simplifications. In agreement with theoretical considerations, we find that in the limit of a single isolated tip 
mode, the electron-near field interaction is independent of the spontaneous or stimulated nature of the process 
but only varies with the modal electric near-field profile. Specifically, our simulations suggest that the electron-
near field interaction is strongest for electrons passing through the tip, a few nanometers inwards from the tip 
apex, as supported by the experiments. We show that in the proximity of the nanotips, the electron-near field 
interaction reaches a maximum at electron energies as low as a few keV, depending on the dominant spatial 
Fourier component in the optical field. Electron microscopy with access to this energy range may thus offer great 
potential in exploring exciting new phenomena such as quantum-coherent effects in electron-light-matter 
interactions. 
Methods 
Sample Preparation. Au nanostars were prepared by a modification of a previously reported procedure using a seeded 
growth approach.42,67 First, spherical Au seeds of approximately 12 nm diameter were produced by a modification of the 
well-known Turkevich method.68 The seeds were synthesized by the subsequent addition of dehydrated trisodium citrate 
(C6H5Na3O7·2H2O, 11 mL, 0.1 M) and gold(III) chloride trihydrate (HAuCl4·3H2O, 833 μL, 0.1 M) to boiling Milli-Q water (500 
mL) at intervals of 10 min and under vigorous stirring. After 30 min boiling, the solution was brought to room temperature 
and the particles were added drop-by-drop under stirring to an aqueous polyvinylpyrrolidone (PVP) solution (500 mL, 0.27 
mM). Finally, the Au nanoparticles were centrifuged (9000 rpm, 35 min) and dispersed in ethanol absolute (EtOH, 50 mL) to 
achieve a final Au concentration of 16.2x10-4 M. Next, Au nanostars were grown by the fast addition of the PVP-coated Au 
seeds in EtOH (350 μL) to a PVP solution in N,N-dimethylformamide (DMF, 7 g, 35 mL) containing HAuCl4 (75 μl, 0.12 M 
aqueous solution) freshly prepared. Within 15 min, the color of the solution turns blue, indicating the formation of Au 
nanostars. The solution was left under stirring overnight to assure the reduction of all reactants. DMF and excess PVP was 
removed by several centrifugation steps; a first step at 7500 rpm for 40 min followed by four more iterations at 7000 rpm 
for 10 min each. For each step, the particles were resuspended in EtOH (35 mL). Eventually, Au nanostars (5 μL, 0.8 mM) 
were deposited on a TEM silicon nitride support membrane via spin coating (1st ramp: 500 rpm, 10 s; 2nd ramp: 3000 rpm, 
30 s with each an acceleration rate of 500 rpm/s) achieving a particle density of approximately 1.2 particles per μm2. In 
order to minimize contamination issues arising from residue chemicals during exposure to the electron beam, the sample 
was treated by O2 plasma cleaning for 30 s. PVP (MW = 25 000) was purchased from Roth. HAuCl4·3H2O (99.9 %), 
C6H5Na3O7·2H2O (≥99.5 %), and EtOH (≥99.9%) were obtained from Sigma-Aldrich. DMF (≥99%) was obtained from Fluka. 
Silicon nitride support membranes were purchased from Ted Pella, Inc. All reactants were used without further purification. 
Milli-Q water (18 MΩ cm-1) was used in all aqueous solutions, and all glassware was cleaned with aqua regia prior to usage. 
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EELS and PINEM measurements were performed in STEM mode of a JEOL JEM-2100F TEM instrument based on a custom 
modified Schottky field emission source, with a selected electron-probe beam diameter of 1.5 nm. The spectral scans were 
recorded with a CEOS energy filtering and imaging device (CEFID) equipped with a TVIPS TemCam-XF416ES scintillator-
coupled CMOS camera and synchronized by a TVIPS universal scan generator. For EELS, the full dispersion of the 
spectrometer was set to 16 eV over 4096 pixels at 4-fold binning, corresponding to a bin size of 15.6 meV. For PINEM, a 
dispersion of 68 eV over 4096 pixels was used, resulting in a bin size of 16.6 meV. EELS spectra were acquired using a 
continuous electron beam with an initial energy spread of 0.5 eV (ZLP FHWM). For PINEM, the instrument was operated in 
ultrafast laser-triggered photoemission configuration enabling synchronous sample exposure by sub-picosecond electron 
probe and picosecond optical pump pulses. An amplified Ti:Saphire laser system (Coherent RegA) provided femtosecond 
pulses at a central photon energy of 1.55 eV (λ = 800 nm) and a spectral bandwidth of 65 meV (35-nm bandwidth), at 600 
kHz repetition rate. The optical pump pulses were dispersively stretched to 3.4-ps pulse duration in a 19 cm bar of dense 
flint glass (SF6). The sample was excited under near-normal incidence (parallel to the electron beam) and controllable 
polarization state with the light focused to a spot diameter of ~15 μm and an average power of 4 mW (corresponding to a 
peak intensity of about 0.4 GW/cm2). Synchronous sub-picosecond electron-probe pulses were generated by photoemission 
from the Schottky field emitter using the second harmonic of the fundamental laser beam (for further details see Ref. 61). 
The energy spread of the electron pulses was about 0.9 eV. PINEM and EELS spectra were acquired at an integration time 
of 500 ms and 120 ms, respectively. The EELS spectra were deconvoluted by a Richardson-Lucy algorithm58 implemented in 
the Hyperspy Python library69 using 20 iterations. Absolute EELS probabilities were obtained by normalizing the spectra to 
the integrated number of counts measured upon electron beam transmission through the silicon nitride support membrane.  
CL measurements were performed in a Thermo Fisher Scientific/FEI Quanta FEG 650 SEM equipped with a Schottky field 
emission electron source operated a beam current of about 570 pA. CL emission was collected by a half-parabolic mirror 
covering a solid angle of 1.46 π steradians above the sample plane, and directed into a DELMIC SPARC optical detection 
system for spectrally-resolved CL analysis.70 The acquisition time for each spectrum was 350 ms and the resolution of the 
spectrometer was in the order of 10 meV (as determined from the sharp emission lines of an argon calibration lamp). 
Secondary electron images were taken simultaneously to the CL acquisition and software-controlled drift correction was 
applied at time intervals of 1 s in order to compensate for the effect of mechanical instabilities or electrostatic charging. 
Background luminescence from the silicon nitride support membrane was measured separately and subtracted from the 
raw CL data. The system response was calibrated and absolute CL probabilities were obtained using the transition radiation 
(TR) spectrum measured upon 20 keV electron beam impact on the flat surface of a single-crystalline Al sample normalized 
to the analytically calculated TR spectrum using the expression given in Ref. 2 with optical material constants derived from 
spectroscopic ellipsometry data. 
Analysis of the EELS and CL spectra. In a first step, the EELS and CL spectra are averaged over segments of 10×10 pixels, and 
a global fit is performed to determine the central energy 𝐸𝐸0 and linewidth 𝛾𝛾 (FWHM) of the tip (and core) resonances. In 
this procedure the resonance amplitudes and background parameters constitute local fit parameters. Averaging the data 
improves convergence of the minimization process while at the same time ensures sufficient signal-to-noise ratio. In a 
second step, the amplitude of each resonance is fitted to the spectrum taken at every electron beam position given the 
fixed resonance energies and linewidths obtained previously. 
Analysis of the PINEM Spectra. The derivation of the electron-near field coupling constant from the PINEM spectra is done 
following a similar procedure as described in the supplementary information to Ref. 39. The initial electron energy 
distribution (i.e., prior to the near field interaction) is modeled by a comb of pseudo-Voigt profiles with a Lorentzian-like 
contribution of 25% and a FWHM of 0.9 eV. Furthermore, we assume a Gaussian distribution of the coupling constant 𝛽𝛽 
with a standard deviation of Δ𝛽𝛽 𝛽𝛽⁄ = 0.2 in order to account for residual spatial and temporal averaging in the strongly 
inhomogeneous optical near field, motivated by the finite width of the electron beam, as well as the temporal profile of the 
optical pump pulses. 
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